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Abstract Bamboo, an extensively used material in Asia, is 
becoming an increasingly available structural (e.g., flooring 
and furniture) material in Taiwan. The bending strength 
and dynamic modulus of elasticity of moso bamboo 
{Phyllosachys edulis) laminae were investigated using 
ultrasonic-wave and drilling resistance techniques. The 
strength quality of bamboo was reduced after steaming 
treatment and was significantly affected by node character¬ 
istics. The transverse variations of the mean drilling resis¬ 
tance value {R) gradually increased outward from the 
bamboo cavity layer. There were very significant positive 
relationships among density (p), the drilling resistance 
value {R), the dynamic modulus of elasticity (Eb), the 
modulus of elasticity (MOE), and the modulus of rupture 
(MOR), although the coefficients of determination were 
small. Combining ultrasonic-wave and drilling resistance 
techniques is efficient in estimating and establishing the 
dynamic modulus of elasticity (REb). Values of REb for 
moso bamboo increased with increasing p, R , Eb, MOE, 
and MOR, and the relationships could each be represented 
by positive linear regression formulas. 

Key words Moso bamboo {Phyllosachys edulis) ■ Lamina ■ 
Ultrasonic wave • Drilling resistance 


Introduction 

Yoshinaga 1,2 pointed out that the depletion of global re¬ 
sources is due to the rapid increase in wood consumption 
and the lack of planned forest management. At present, the 
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development and advanced utilization of multipurpose tree 
and bamboo plantations is vital to meeting the demands for 
woody materials. After plantation wood, bamboo is a prom¬ 
ising material due to its fast growth and the shortage of 
wood supplies. In 3-5 years, the mechanical strength, utili¬ 
zation properties, and anatomical characteristics of bamboo 
become stable and mature, making it suitable for various 
uses. The effective utilization of bamboo (laminae) requires 
an understanding of its properties. 

Moso bamboo {Phyllostachys edulis) is an important and 
potential forest resource in Taiwan. In order to develop an 
innovative processing system that can markedly increase 
the value of utilization of bamboo, researchers and manu¬ 
facturers have engaged in serial studies on moso bamboo, in 
an attempt to utilize it as stock for quality furniture and 
floor making. For example, maximum recovery of bamboo 
pieces, effects of preservation and dyeing treatment, curva¬ 
ture of bamboo pieces, optimum curing conditions of the 
glueline, laminated bending mechanical and finishing prop¬ 
erties, and the technology of manufacturing laminated bam¬ 
boo furniture have been explored. 3-5 Lee et al. 67 indicated 
that many properties of bamboo are similar to those of 
wood, and bamboo has been experimentally used to manu¬ 
facture a variety of engineered composite products (e.g., 
strandboard and laminated lumber). 

During the past 20 years, wood scientists and the forest 
products industry have developed and used nondestructive 
testing (NDT) tools for a wide range of applications, from 
wood-based materials (composite products, lumber, logs) to 
the evaluation of standing trees. For instance, ultrasonic 
wave and drilling resistance methods are two useful, nonde¬ 
structive techniques for estimating the physical properties 
of a material. From these efforts evolved a hypothesis, 
founded on fundamental material properties, for establish¬ 
ing the relationships between NDT parameters and static 
mechanical properties/density of wood products. 8-12 The 
applicability of these two methods for assessing the quality 
of wood materials has been extensively investigated, al¬ 
though not with bamboo materials. 

Currently, there is interest in developing and using cost- 
effective technologies to evaluate bamboo-based materials 
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(laminae or laminated bamboo products). In particular, 
several studies have shown a good relationship between the 
dynamic modulus of elasticity and the static modulus of 
elasticity of lumber cut from trees. 13-16 These encouraging 
results led us to hypothesize that the use of the nondestruc¬ 
tive technique may be useful in assessing bamboo lamina 
quality. 

The density (p), dynamic modulus of elasticity (Eb), 
modulus of elasticity (MOE), and modulus of rupture 
(MOR) are the most common properties used to indicate 
the strength quality for construction. They are very im¬ 
portant factors in determining the strength of bamboo. 
Traditionally, studies have concentrated on the bamboo 
properties determined by destructive testing. However, re¬ 
search is lacking in the use of nondestructive evaluation 
techniques. Therefore, this study investigated the Eb, 
MOE, and MOR of moso bamboo laminae using the 
ultrasonic-wave method and static bending test, as well as 
the drilling resistance value of the laminae by the drilling 
resistance technique. Moreover, Eb was evaluated by com¬ 
bining ultrasonic-wave and drilling resistance (for estab¬ 
lished density) techniques. Relationships between different 
bamboo lamina properties were also examined by the two 
NDT methods. The results provide basic information for 
future bamboo research, processing, and utilization. 


Materials and methods 

Experimental materials 

Moso bamboo culm was sliced into strips of four different 
laminae, including node material without steam treatment 
(A), node material with steam treatment (B), internode 
material without steam treatment (C), and internode mate¬ 
rial with steam treatment (D), and the samples were tested in 
this study. The bamboo laminae were boiled in a solution 
(30% H 2 0 2 , 100°C, 6-8 h) to reduce the starches and 
sugars that would otherwise attract termites or beetles, and 
steamed (carbonized) under heat and pressure (3.5 kg/cm 2 , 
145°C, 90min) to darken the color. Thirty specimens were 
prepared from each type of material for each set of ex¬ 
periments. The dimensions of each specimen of bamboo 
lamina were 20 (longitudinal) x 2.5 (tangential) x 0.7 cm 
(radial). The specimens were conditioned in a controlled- 
environment room at 20°C and 65% relative humidity (RH). 


Ultrasonic-wave test 

The density and ultrasonic velocity of specimens were 
measured and calculated. Ultrasonic velocities and Eb were 
measured using a portable ultrasonic nondestructive testing 
Pundit (CNC Electronic, London) meter, at a frequency of 
54 kHz. Specimens were placed between the transmitting 
and receiving transducers, and the travel time of the ultra¬ 
sonic wave (transmission time) was displayed on the meter 
screen and recorded (Fig. 1). Eb was calculated using the 
ultrasonic wave velocity and the density of the specimen. 



Specimen 






T.T. 

<-> 

R.T 


L, Fiber direction 

Fig. 1 . Measurement method for ultrasonic velocity and dynamic 
modulus of elasticity of bamboo lamina. L, Length of specimen; T.T., 
transmitting transducer; R. 71, receiving transducer 


Drilling resistance test 


The Resistograph instrument is known as a suitable and 
efficient tool for estimating the growth trends of trees. 
Mean levels of resistance charts are closely correlated to the 
density of the dry wood, with r 2 (coefficient of determina¬ 
tion) values over 0.8. 121718 Furthermore, typical tree-ring 
variations in the resistance chart are very similar to those in 
the X-ray microdensity chart. 1117 

The drilling resistance technique was used to measure 
the density profiles of the moso bamboo lamina samples. 
The Resistograph (3450-S; Frank Rinn, Germany) drives a 
slender bit into the lamina and measures the drilling resis¬ 
tance as it rotates. Drilling was performed in the radial 
direction. The needle bit had a shaft diameter of 1.5 mm 
and a maximum length of 450 mm. The drilling resistance is 
concentrated at the tip because the width is double the 
diameter of the shaft (3 mm). Using a linear relationship 
between the drilling resistance value and the density as 
reported by Winistorfer et al., 11 the following relationship 
was established where n is the number of data points re¬ 
corded in one resistance profile measurement, D is the aver¬ 
age board density, c is the coefficient relating the resistance 
value and the density value, and R is the drilling resistance 
value. 

The coefficients relating to the point density were then 
estimated by the following equations 


n v A v R . 

d = L-7 = cx L~7\ 


c = nx 



and 


( 1 ) 

( 2 ) 


Df = cxR i (i= 1 to nj. (3) 

The drilling resistance values (profiles) were obtained 
using the Decom 2.16 program. The analysis of characteris¬ 
tics was made according to the hypothesis that there is a 
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positive relationship between density and the drilling resis¬ 
tance values. The drilling resistance technique was then 
used to measure the density profiles of the bamboo samples. 

In this experiment, the drilling resistance values ( R ) for 
moso bamboo increased with increasing bamboo density 
(p), and the relationship could be represented by positive 
linear regression formulas of the form 

p = 1.56 (c value) xR + 268.2, r 2 = 0.35, F = 64.3** (4) 


Hardness test 

In accordance with CNS 460, 19 the hardness of all specimens 
in the bamboo skin side (radial surface) was tested after 
reaching Equilibrium Moisture Content at 65% RH. 


Results and discussion 


The nature of the relationship is in accordance with other 
reports (wood composite panel and Taiwania wood), 1118 
however, the coefficient of determination (r 2 = 0.35) ob¬ 
tained from this study was lower. 


Static bending test 

The static bending test was conducted in accordance with 
the center loading method for bamboo specimens (lami¬ 
nae), using a Shimadzu UH-10A universal-type testing ma¬ 
chine. All specimens were placed flat for the bending tests, 
and the span was 18cm for the specimens (Fig. 2). The 
proportional limit, ultimate load, and the deflection were 
obtained from the load-deflection curves, and the MOE 
and MOR were calculated. 


Load 





/ 

’ jd 






7X-S' 


Outer: bamboo skin 
Middle: bamboo flesh layer 
Inner: bamboo cavity layer 


Bamboo density and dynamic modulus of elasticity 

The mean density (p) and dynamic modulus of elasticity 
(Eb) of the node material without steam treatment (lami¬ 
nae A), node material with steam treatment (laminae B), 
internode material without steam treatment (laminae 

C) , and internode material with steam treatment (laminae 

D) are summarized in Table 1. The mean p and Eb values of 
laminae C were greatest among the four materials used in 
this study. However, Duncan’s multiple-range test indicated 
that the mean p and Eb values of specimens A and C did not 
differ significantly, while those between the other speci¬ 
mens were all significantly different. In other words, varia¬ 
tions in average p and Eb in the four kinds of specimens 
showed the following trend: specimens C and A > specimen 
D > specimen B. It was found that the average values of p 
and Eb in the bamboo laminae obtained from specimens 
without steam treatment were significantly higher than 
those from specimens subjected to steam treatment. It is 
speculated that heating of the bamboo strips during the 
carbonization process may alter its chemical components. 
This result was similar to that in the report of Tang, 4 who 
indicated that steam treatment has a negative effect on the 
strength properties of bamboo. 


Modulus of elasticity (MOE) and modulus 
of rupture (MOR) 


Span = 18 cm 

Fig. 2. Configuration of the static bending test for bamboo lamina 


The mean MOE and MOR of laminae A, B, C, and D are 
also shown in Table 1. The mean MOE and MOR of the 


Table 1. Bending properties of moso bamboo (Phyllosachys edulis) laminae 


Parameter 

Type of laminae 




A 

B 

C 

D 

Moisture content (%) 

11.9 (0.3) 

11.7 (0.4) 

12.1 (0.4) 

11.5 (0.3) 

P (kgm -3 ) 

780c(73) 

664a (83) 

800c(82) 

712b (49) 

Vims" 1 ) 

4366.8 (152.6) 

4374.6 (181.8) 

4357.3 (207.2) 

4423.9 (209.4) 

Eb (MPa) 

14 845.8c (1290.3) 

12666.1a (1507.2) 

14930.0c (1040.5) 

13918.9b (1117.9) 

MOE (MPa) 

10918.6c (734.4) 

8991.6a (1014.6) 

11507.2d (805.2) 

9957.5b (747.8) 

MOR (MPa) 

128.3b (14.2) 

100.5a (16.6) 

144.3c (9.6) 

124.3b (10.9) 

R 

- 

- 

304.3 (35.4) 

300.5 (33.6) 

H (kg/mm 2 ) 

- 

- 

3.20 (0.69) 

2.89 (0.60) 


Values in parentheses represent standard deviations 

A, node material with no treatment: B, node material with steam treatment; C, internode material without treatment; D, internode material with 
steam treatment; p. Air-dried density; V, ultrasonic wave velocity; Eb, dynamic modulus of elasticity; MOE, modulus of elasticity; MOR, modulus 
of rupture; R, drilling resistance value; H, hardness 

Different letters (a-d) within a row indicate significant difference by Duncan’s multiple range test, P < 0.05 
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laminae C were the greatest among the four materials used 
in this study. However, Duncan’s multiple-range test indi¬ 
cated that the mean MOR values of specimens A and D did 
not differ significantly, while those between the other speci¬ 
mens were all significantly different. In other words, varia¬ 
tions in the four kinds of specimens showed the following 
trend: specimen C > specimen A > specimen D > specimen 
B (average MOE) and specimen C > specimens A/D > 
specimen B (average MOR). It was found that the average 
values of the MOE and MOR in the bamboo laminae ob¬ 
tained without steam treatment and internode specimens 
were significantly higher than those with steam treatment 
and node specimens, respectively. This is similar to the 
result of Jai, 5 who indicated that the strength of bamboo is 
reduced after steaming treatment. 

Moreover, node portions of the bamboo weaken the 
strength of bamboo material when compared with the 
clear sections of the bamboo culm. 4 Bamboo quality is 
significantly affected by node characteristics. Detection of 
nodes in bamboo is especially important because nodes 
are numerous and are the most severe defects. Reductions 
in strength, and in processing and dimensional stability 
associated with the number and position of nodes are 
often qualitatively attributed to differences (property 
variations) in bamboo quality between node and internode 
materials. 

Relationships between density and mechanical properties 

Values of Eb, MOE, and MOR for bamboo increased with 
increasing density (p), and the relationships could be repre¬ 
sented by positive linear regression formulas (Table 2). The 
results are similar to those reported earlier by Wang and 
Lin, :o Wang and Ko, 10 and Wang et al. 21 that were obtained 
from small-diameter logs of Japanese cedar, China fir, and 
Taiwania wood, respectively. 


Table 2. Coefficients of linear regression formulas (Y = aX + b) for the 
correlation between bending properties and drilling resistance values 


Coefficients 



r 2 

F value 

Y 

X 

a 

b 

Eb 

P 

16.5 

2808.6 

0.68 

248.4** 

MOE 

P 

10.3 

2767.3 

0.54 

136.4** 

MOR 

P 

0.13 

27.5 

0.34 

60.2** 

MOE 

Eb 

0.60 

1284.4 

0.75 

349.9** 

MOR 

Eb 

0.01 

-3.82 

0.58 

161.3** 

MOR 

MOE 

0.01 

-12.9 

0.68 

250.0** 

Eb 

R 

28.6 

6384.4 

0.29 

49.3** 

MOE 

R 

16.2 

5454.1 

0.19 

28.4** 

MOR 

R 

0.23 

54.8 

0.15 

21.1** 

REb 

R 

86.7 

-11162.1 

0.88 

892.1** 

P 

REb 

0.013 

536.9 

0.22 

33.9** 

Eb 

REb 

0.36 

9668.4 

0.39 

75.3** 

MOE 

REb 

0.20 

7381.2 

0.24 

38.2** 

MOR 

REb 

0.007 

21.3 

0.24 

37.6** 


r 2 , Coefficient of determination; REb, dynamic modulus of elasticity 
calculated from the drilling resistance value 
**P< 0.01 


Correlations among mechanical properties 

Correlations between the mechanical properties (Eb, 
MOE, and MOR) of moso bamboo laminae could be repre¬ 
sented by positive linear regression formulas (Table 2). The 
coefficients of determination (r 2 ) were highly significant at 
the 0.01 level, as indicated by the F value test. These results 
are in agreement with many previous studies 10,20,21 in planta¬ 
tion trees. 

Drilling resistance values and hardness 

The mean drilling resistance values ( R ) of laminae C and D 
are shown in Table 1. Duncan’s multiple-range test indi¬ 
cated that the mean R values of specimens A and D did not 
differ significantly. In other words, the mean R values of 
internode material without steam treatment and with steam 
treatment were similar. 

The bamboo cavity layer-to-bamboo skin radial varia¬ 
tion patterns of R for moso bamboo are presented in Fig. 3. 
In this experiment, the transverse variation of the mean R 
increased from the inner bamboo cavity layer outward to 
the outer bamboo skin. In other words, R gradually in¬ 
creased from the bamboo cavity layer outward. 

In accordance with CNS 460, 19 the hardness of specimens 
with and without steam treatment was tested. The mean 
hardness of natural bamboo laminae (C) did not signifi¬ 
cantly differ from that of steamed bamboo laminae (D), 
indicating that the hardness of bamboo lamina might not be 
greatly affected by the carbonization treatment used to 
darken bamboo laminae color (Table 1). 

Lee and Liu 22 indicated that the mean specific gravity 
and hardness of natural and carbonized bamboo products 
do not differ significantly. However, Tang 4 indicated 
that the specific gravity and hardness of bamboo are re¬ 
duced after carbonizing treatment. Tang also indicated that 
steam treatment has a varied effect on the strength proper¬ 
ties of bamboo. Hence, in this study, the properties of bam¬ 
boo are affected by various levels of steaming processes 
(carbonizing). 

The power consumption of the drilling device was elec¬ 
tronically measured relative to the drilling resistance. The 
density profile can be calculated by converting the drilling 
resistance values via a linear equation. The tissue structure 



Fig. 3. Drilling resistance record measured from a bamboo sample 
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of bamboo differs from that of wood. For example, vascular 
bundles of leptomorph rhizome species possess a central 
vascular strand only. Owing to the tissue structure variation 
of bamboo, drilling resistance values may be influenced 
by various steam processes. In addition, the strength 
properties of bamboo material vary with the age of the 
bamboo plant and the longitudinal position of the bamboo 
culm. In summary, the properties (e.g., R and MOR) of 
moso bamboo are influenced by defects (nodes), anatomic 
characteristics (vascular bundles), steam treatment, and 
other effects. 

Relationships between drilling resistance value and 
bending properties 

The drilling resistance values ( R ) were measured and calcu¬ 
lated from bamboo specimens, and substituted into Eq. 4 to 
calculate the bamboo (established) density (p). In other 
words, density values could be calculated by converting 
drilling resistance values (R from the Resistograph) via a 
linear equation. Both p and ultrasonic velocity (V from the 
Pundit) were measured and calculated from the bamboo 
specimens, and were substituted into Eq. 5 to calculate the 
dynamic modulus of elasticity (REb). 

REb (MPa) was calculated from the following formula: 

REb = V 2 x(RxC), (5) 

where V is the ultrasonic velocity, R is the average 
drilling resistance value, C (value = 1.56) is the average 
coefficient relating the resistance value and density (con¬ 
stant), and (R x C ) is the established density. With this 
method, one does not need to measure the weight and 
volume of a material. Therefore, it is relatively fast and 
easy to perform indirect dynamic modulus of elasticity 
measurements. 

Values of Eb, MOE, MOR, and REb for moso bamboo 
laminae increased with an increase in the drilling resistance 
(R), and the relationships can be represented by positive 
linear regression formulas (Table 2). However, except for 
REb (r 2 = 0.88), the coefficients of determination obtained 
in this study were low. 

Relationships between REb and bending properties 

The dynamic modulus of elasticity (REb) was calculated 
from Eq. 5, and the process involves combining the 
ultrasonic-wave method with the drilling resistance method. 
The weight and volume of a specimen do not need to be 
measured, but the coefficient (C) must be calculated and 
determined in advance. 

The method can be applied to wood-based products for 
which values cannot be calculated or for which the density is 
not easy to measure in order to estimate the physical prop¬ 
erties (e.g., Eb) by combining the ultrasonic-wave and drill¬ 
ing resistance techniques. 

Values of p, Eb, MOE, and MOR for moso bamboo 
laminae increased with an increase in REb, and the rela¬ 


tionships can be represented by positive linear regression 
formulas (Table 2). 

Their determination coefficients (r 2 ) were low, and 
significant differences (at P < 0.01) were found by the 
F-test. These results indicated that MOE (r 2 = 0.68), Eb (r 1 
= 0.58), p (r 2 = 0.34), and REb (r 2 = 0.24) were the most 
important predictors of moso bamboo lamina bending 
strength according to regression analyses. Some causes of 
the variation in results may be defects (nodes), anatomic 
characteristics (vascular bundles), steam treatment, the age 
of the bamboo plant, and the longitudinal position of the 
bamboo culm. 


Conclusions 

Bamboo is an important forest resource in Taiwan with 
considerable potential for further utilization. The bending 
properties and dynamic modulus of elasticity of moso bam¬ 
boo (Phyllosachys edulis) laminae were investigated, with 
the following results: 

1. The average values of the density (p), dynamic modulus 
of elasticity (Eb), modulus of elasticity (MOE), and 
modulus of rupture (MOR) of bamboo laminae ob¬ 
tained from internode specimens and without steam 
treatment were significantly higher than those for node 
and steam-treated specimens. 

2. The transverse variation in the mean drilling resistance 
values ( R ) increased with increasing distance from the 
bamboo cavity layer. 

3. The values of Eb, MOE, and MOR increased with in¬ 
creases in p or drilling resistance (R). 

4. The proposed method combines ultrasonic-wave and 
drilling resistance techniques for estimating and estab¬ 
lishing the dynamic modulus of elasticity (REb). Values 
of REb for moso bamboo increased with increasing p, R , 
Eb, MOE, and MOR. 
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